Recently, linear programming models for test construction were developed. These models were based on the information function from item response theory. In this paper another approach is followed. Two 0-1 linear programming models for the construction of tests using classical item and test parameters are given. These models are useful, for instance, when classical test theory has to serve as an interface between an IRT-based item banking system and a test constructor not familiar with the underlying theory.
Reliability of a Test
The test construction goal we will consider is maximization of the classical reliability of the test for a given population of examinees. The reliability of a test is defined as the squared correlation between the observed and the true scores, pXh. This quantity is dependent, however, on the covariance between all items (Lord & Novick, 1968 , Formula 15.3.9), and it is not possible to write the reliability coefficient as a function of a more limited number of item parameters. Therefore, it is impossible to maximize the reliability of a test directly, and we shall resort to maximization of a lower bound.
Algorithms for Computerized Test Construction
A well-known and simple lower bound to test reliability is coefficient a (Lord & Novick, 1968 
where constraint (4) implies that the test length equals n, and (5) has been added to deal with possible practical constraints, that is, demands that the test constructor imposes on possible properties of the test, like the distribution of the items over subject matter, the frequency of previous usage of the items, the final date of administration of the items, and the administration time available for the test. A review of the possibilities to formulate such constraints linearly has been given elsewhere (van der Linden & BoekkooiTimminga, in press) and will not be repeated here. Each different application of (5) will involve different definitions of vii and wj.
There is no efficient algorithm for solving integer nonlinear programming models (Rao, 1985) , so the above model cannot be used in practice. If the problem can be formulated as a 0-1 linear programming model, however, more efficient algorithms are available.
Formulation of the Problem as a 0-1 LP Model In this section, two 0-1 linear programming models (0-1 LP models) will be formulated. The performance of these models will be compared in a simulation study. The possibility to use expressions like (5) to include practical constraints in the test construction process is skipped during the presentation of the models, but will be taken up again in an example at the end of the paper.
Inspection of (3) shows that both of its sums are linear in the decision variables. This suggests an approach in which one of these expressions is used as an objective function and the other as a constraint. Because for a wide range of possible values of rr, the classical difficulty of an item, the numerator of (3) varies less than the denominator, a can be expected to depend more strongly on the latter. This effect is verified empirically in Ebel (1967) . Also, if the numerator of (3) is restricted to a low (high) value, the denominator takes on a low (high) value, because ai figures both in the numerator and in the denominator. So a restriction on the numerator probably does not influence the value of a very much. Therefore, it seems sensible to maximize the denominator of (3), constraining the numerator to a low value. This is realized in the following model. 
Test Construction
where c > 0 is a constant. This model is linear in its variables and can be solved for (xl,... ,xl) by a branch-and-bound method (Dakin, 1965; Land & Doig, 1960) . The choice of a value for c can be motivated as follows. The maximal possible value of the sum of the item variances in the model is equal to n/4. In addition, the numerator and denominator of (2) have Oi as a common factor. Therefore, if c approaches its maximum, a maximal value will be found, but at the same time the numerator will tend to be too large. On the other hand, if c approaches its minimum, a minimal value for the numerator will be attained, at the cost of a constrained denominator. The latter is due not only to the common factor oi, but also to a restriction-of-range effect on pix. Hence, the optimal value of c will tend to be closer to n/4 than to zero. This issue will be pursued further in the section on empirical results below.
Because the variances of the items are not as important as the item discriminations, the following 0-1 LP model, which selects items with the highest discriminations, is an alternative to Test Construction Model I. U(-3,3) , respectively. The guessing parameters ci were set equal to 0.2 for the first 250 items and equal to 0.0 for the other items. To estimate the classical item difficulties, 7ri, and item discriminations (i.e., item-test correlations where the whole item bank was considered as a test), piB, 1,000 examinees (0 -N(0, 1)) were generated to answer the items.
Test Construction Model II
The computer program Lando was used to solve the 0-1 linear programming models on a DEC2060 computer. Because it takes too much time to find a 0-1 solution for the model in (7)-(9) and (11) directly, the relaxation of this model was solved, that is, the model with constraints 0 < xi -1 instead of xi E {0, 1} for i = 1, 2,... , I. This could be done, because it is known that the number of fractional values in the solution is not greater than the number of constraints (Dantzig, 1957) . Therefore, the solution to the model in (7)-(9) and (11) was found by rounding fractional values for at most two of the I decision variables.
The model assumptions were first verified by comparing tests from Item Bank 1 for different values of c. The number of items in the tests was 20. Table 1 shows the values of coefficient a. In this table, oa* denotes coefficient alpha with piB replacing item pix, whereas ae is the exact value of the coefficient calculated after the test was selected. Table 1 shows that the differences between values of a of tests constructed for different values of c were small. However, high values of c generally gave the best results.
For Item Bank 2 (3-parameter model), again tests were constructed for Table 2 . Once more, the best results tended to be found for high values of c. Therefore, it seems possible to choose c maximal, implying that constraint (8) becomes redundant and can be omitted. In Table 3 , a comparison is made between model (7), (9), (11) (with c maximal), and model (12)-(13), (15). The numbers of items in the tests were equal to 20 or 40, and the models were applied to both item banks. Table 3 demonstrates that the model in (12)-(13) and (15) gave excellent results. The values of oa were as good as for the best choices of c in Tables  1 and 2 .
Practical Constraints in Test Construction
The models considered so far in the simulation study are not realistic, because practical constraints were not included. In fact, it is the presence of such constraints that forces us to use algorithms for solving the combinatorial problems involved. Therefore, the two models were extended with the following illustrative constraints: 500 i tixi 35*n; 2. z * was not initialized by z * = -oo as usual but by z * = KZLP, where K is a constant close to 1 (0 << K < 1); also, the first 0-1 solution found during the search process was accepted.
Both modifications are based on the small difference between the objective function values for the solution of the relaxed 0-1 and the 0-1 LP problem in test construction problems.
The latter modification was such that the size of the possible error was under control, because the maximum possible difference between the values of the objective function for the optimal solution to the relaxed model and for the 0-1 solution could be set in advance by choosing a value for K. It should be observed that such solutions always meet the constraints in the model. More details about the heuristic are given in Adema (1988) . Table 4 is similar to Table 3; Table 4 , however, presents results for the extended models. The maximal possible error was chosen to be 1% of the objective function value for the optimal solution to the relaxed model. In Table 4 , the results for the model with objective function (12) were again slightly better.
Finally, Tables 1-4 show that it is possible to construct tests with pix replaced by piB, because generally tests with a high value for a* also have a high value for or.
TABLE 4
Coefficient ct for tests constructed from both simulated item banks using models (7), (9), (11), (16)- (22) Note. a* and oa are the coefficients a based on piB and pix, respectively. Discussion Two 0-1 linear programming models were proposed for the construction of tests using classical item parameters. Simulations were conducted to verify the assumptions underlying model (7)-(11). Ample experience with the model for various types of data (Adema, 1987) has shown that the solution invariably produces the maximal value for a for c close to n/4 (maximum of lOi2 in the model). For example, for I = 500, all simulations produced the maximum of alpha for c in the neighborhood of 95% of n/4. Also, the optimal value of ao increased monotonically with c to the point at which the maximum was obtained and then showed a monotonic but slight decrease. Therefore, for large item banks, I > 500, say, it is recommended to set c at its maximal value. Model (12)-(15) produced results comparable to those for model (7)-(11), in most cases producing results even slightly better. If no practical constraints have to be met, the models in (7), (9), (11) and (12)-(13), (15) can be solved by a simple algorithm that picks the items with the largest values for piB and ai piB, respectively. In practical situations, however, constraints on the contents of the test are always available, and then a formulation of the problem as a 0-1 LP model is needed. Such models can always be solved by the heuristic used in this paper (Adema, 1988) .
